A simple but rigorous analysis of the important sources of noise in homodyne detection is presented. Output noise and signal-to-noise ratios are compared for direct detection, conventional (one-port) homodyning, and two-port homodyning, in which one monitors both output ports of a 50-50 beam splitter. It is shown that two-port homodyning is insensitive to local-oscillator quadrature-phase noise and hence provides (1) a means of detecting reduced quadrature-phase fluctuations (squeezing) that is perhaps more practical than one-port homodyning and (2) an output signal-to-noise ratio that can be a modest to significant improvement over that of one-port homodyning and direct detection.
It has been known for some time that phase-sensitive detection schemes, such as homodyning and heterodyning, provide a means of measuring one of a signal's two quadratures.
1 - 3 Recently a clever scheme, referred to in this Letter as two-port homodyning, was
proposed by Yuen and Chan (see Fig. 1 ) 4,5; this scheme permits direct observation of one of the input signal's quadratures without placing such rigorous demands on local-oscillator (LO) performance as does conventional one-port homodyning. Hence the two-port scheme might provide a more practical means of observing the phenomenon of squeezing, 6 -8 in which the noise in one quadrature phase of a signal is reduced below the level required by quantum mechanics of a coherent state.
This noise can be observed because the output noise in two-port homodyning can be made insensitive to all LO quadrature-phase noise, provided the LO power is much larger than the input-signal power. In this Letter I compare output noise and signal-to noise ratios for three different detection schemes-one-port homodyning, two-port homodyning, and direct detection.
A single plane-wave mode of the electromagnetic field at frequency Q, (the input-signal frequency) has an electric-field operator described by
Here a ai + ia 2 is the annihilation operator for the mode and a 1 and a 2 are its Hermitian quadrature-phase amplitudes. Homodyne schemes use a beam splitter to combine an input-signal field with a LO field of large power compared with the input-signal field (Fig. 1 ).
The dominant signal-carrying term in the intensities from each of the two beam-splitter output ports is proportional to the mean field of that quadrature of the input-signal field (a 1 , say) that is in phase with the LO mean field after the beam splitter. One-port homodyne schemes use a photodetector to monitor the intensity from one output port of the beam splitter. Two-port homodyne schemes monitor the intensities from both output ports of a 50-50 beam splitter and then subtract the two photodetector outputs. Aside from that added by nonideal photodetectors, the dominant output noise in homodyning comes from interference between the (large) LO mean field and the noise in the in-phase quadratures of the input-signal and LO fields (a land bl say). In direct detection the output noise reflects only intensity fluctuations in the input signal [ANa 2= ((Na -(Na)) 2 )], but in homodyning it reflects the variances Aa 1 2 and At 1 2 . In one-port homodyning with a lossless beam splitter of power transmissivity T the dominant output noise is proportional to the sum TA a 1 2 + (1 -T) Ab 1 2 ; in twoport homodyning it can be made proportional to Aa 1 2 alone. The two-port scheme can yield a better output signal-to-noise ratio (SNR) than both direct detection and one-port homodyning, the improvement over the latter being most significant when Aa 1 2 << Ab 1 2 .
The two-port scheme owes its success to the law of energy conservation, which dictates that the interference terms between the LO field and the input-signal field contribute with opposite signs to the two outputs of the (lossless) beam splitter and that the noninterference terms contribute with the same sign. The two-port scheme, by using a 50-50 beam splitter and subtracting the two outputs, retains only the interference terms. Its output signal (intensity) is therefore a product of the LO and input-signal mean fields, and its dominant output noise (intensity fluctuations) is due to interference between the input-signal noise Aai2 and the LO power and between the LO noise Abt 1 2 and the input-signal power. Thus, for large enough LO power, the output noise in the two-port scheme can be made proportional to Aa For present purposes, the overall phase A and the relative phase y-both inherent properties of the beam splitter-need not be known; in fact, the relative phase can effectively be made to take on any desired value by putting phase delays in the path to one or both detectors or by adjusting the relative path lengths. In order to understand physically the roles played by the various noises as distinct from the mean fields that they accompany, it is useful to separate each annihilation operator into a signal-carrying part and a noisecarrying part. To use the input-signal field as an example, the signal-carrying part is the mean field (a) A, a complex number; the noise-carrying part is the annihilation operator minus its mean: a -(a) Aua. 
With this LO phase, homodyning will see only that part of the input signal whose mean is equal to A 1 , so we can consider A 2 to be zero; thus A 1 is the signal to be detected, and its inherent noise is characterized by the variance Aa 1 2 . Any single-mode state of a radiation field has a noise intensity, a total intensity, and intensity fluctuations (to second order) proportional to these expressions: ( (7c)
The beam-splitter outputs are described by the photon-number operators Nc -c t c and Nd -dtd,
[Eqs. (2)- (4) 
Neglecting pure noise terms and taking the usual strong-LO limit gives
The SNR for one-port homodyning is defined as the ratio of (Nd)sig to (ANd 
(14b) For a weak, highly squeezed input signal, in which the power associated with the increased fluctuations of the unsqueezed (conjugate) quadrature rivals the meanfield power, the approximate expressions (14a) must be replaced by the exact expressions [Eqs. (5) and (7)].
The other important source of noise in homodyning is nonideal photodetectors. A photodetector with quantum efficiency q can be modeled as a lossless beam splitter with power transmissivity T -' followed by an ideal photodetector. The two inputs to the beam splitter are the signal and the vacuum state, described by annihilation operators d and do, respectively. The output of a nonideal photodetector is described by the annihilation operator d', where JEq. (2)]
and the phases At and P are inconsequential here. One-port homodyning with a nonideal photodetector gives the following output signal, noise, and SNR: Equations (16) and (17) show that the absence of any contribution from LO quadrature-phase noise in the -output noise of two-port homodyning can be a distinct advantage when one wants to detect squeezing in the input signal. For example, for two-port homndyning with efficient photodetectors (1 a 0.9) the ratio between the output noise produced by a coherent-state input signal (4Aa 1 2 = 1) and that produced by an input signal that has been squeezed by a factor of 10 (4Aa 1 2 -e-Ir an improvement in output SNR over one-port homodyning by a factor of roughly 1.3, and it has the additional advantage of not requiring a quiet local oscillator. More-efficient photodetectors and/or a more highly squeezed input signal would make this comparison more dramatic.
